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Introduction
Over the last 20 years, many new drug targets have been identified in nociceptive-signalling pathways, including a wide variety of neuronal ion channels (Bourinet et al., 2014; Waxman and Zamponi, 2014) . There is a well-established link between tissue acidosis and pain (Reeh and Steen, 1996) , and low extracellular pH leads to the immediate excitation of nociceptors from many tissues (Steen et al., 1992; da Silva Serra et al., 2016) . Acid-sensing ion channels (ASICs) strongly contribute to the low pH-induced activation of sensory neurons (Krishtal and Pidoplichko, 1981; Deval et al., 2008) with several ASIC subtypes suggested as potential therapeutic targets in peripheral pain conditions (Deval et al., 2011; Diochot et al., 2012) . In both rodents and humans, ASIC1a, ASIC1b and ASIC3 are highly expressed in sensory neurons that innervate many tissues throughout the body including skin (Deval et al., 2008; Deval et al., 2011; da Silva Serra et al., 2016) . Thus, they are appropriately placed to sense the acidosis associated with these conditions, and both their expression and function are substantially enhanced by inflammatory mediators (Voilley et al., 2001; Deval et al., 2008; Wang et al., 2013) .
To date, the most convincing evidence for ASICs playing a role in nociception has come from their acute pharmacological modulation rather than genetic studies (Lin et al., 2015) . Peripheral administration of both the non-selective ASIC blockers (amiloride and A-317567),and a suggested specific inhibitor of ASIC3 (APETx2) evoked analgesia in rodent models of chemically induced pain, inflammatory pain and post-operative pain (Ferreira et al., 1999; Dube et al., 2005; Karczewski et al., 2010; Deval et al., 2011; Izumi et al., 2012) . pH-dependent pain induced in humans by superficial injection or iontophoresis of acid was diminished by amiloride but not by TRPV1 channel antagonists (Ugawa et al., 2002; Jones et al., 2004) . However, these findings have recently been challenged, albeit using a substantially more intense acidosis (Schwarz et al., 2017) .
Recently, the discovery of novel ASIC1 inhibitors from mamba snake venom (mambalgins from Dendroaspis polylepis and Dendroaspis angusticeps) has suggested a key role for ASIC1b in peripheral pain in rodents (Diochot et al., 2012) . Complementary to these studies using inhibitors, two ASIC activators, MitTx from the coral snake Micrurus tener (an ASIC1a, 1b and 3 activator), and the synthetic molecule GMQ (ASIC3 activator) both induce nocifensive behaviour when injected into the hindpaws of mice, effects that were ablated in ASIC1 À/À or ASIC3 À/À animals, respectively (Yu et al., 2010; Bohlen et al., 2011) . More recently, a small conopeptide that selectively enhances ASIC3 activity was shown to markedly enhance acid-induced muscle pain in wild-type, but not ASIC3 knockout, mice (Reimers et al., 2017) . Given our reliance on pharmacological tools to study the role of ASICs in nociception, it is of utmost importance to understand the selectivity and mechanisms of action of the pharmacological agents used as fully as possible, in order to ensure meaningful data interpretation. Although the number of pharmacological tools available to study ASICs has increased greatly in the last 10 years, many of them are either non-selective, not as selective as first thought, or insufficiently characterized (Cristofori-Armstrong and Rash, 2017; Rash, 2017) . Two examples of this are APETx2 and the veterinary diarylamidine drug, diminazene aceturate (hereafter, diminazene). APETx2, a 42-residue sea anemone peptide, is the prototypical selective inhibitor of ASIC3-containing channels (Diochot et al., 2004) . However, APETx2 is pharmacologically promiscuous outside the ASIC family, with activity also at several voltage-gated ion channels (Na V 1.2, Na V 1.8 and hERG) (Blanchard et al., 2012; Peigneur et al., 2012; Jensen et al., 2014) . Diminazene is an antiparasitic compound that potently inhibits ASICs with a suggested rank order of potency of 1b > 3 > 2a ≥ 1a . Given the expression of ASIC1b and ASIC3 in peripheral sensory neurons and their demonstrated role in pain, we hypothesized that diminazene would have peripheral analgesic activity.
The objective of this study was to use electrophysiology to determine the mechanism of inhibition and ASIC subtype selectivity of diminazene, followed by assessment of its peripheral antihyperalgesic efficacy in vivo, compared with that of APETx2, and the prototypic opioid receptor agonist, morphine. We showed that diminazene has previously unreported, peripheral antihyperalgesic activity in a rat model of chronic inflammatory pain and that APETx2 has potent but partial antihyperalgesic activity that lost statistical significance when tested at higher doses. This latter finding may potentially be explained by previously unreported potentiating effects of APETx2 on ASIC1b. Furthermore, we observed substantial inter-animal variability in the antihyperalgesic responses evoked in rats. The observation of responder and non-responder animals parallels the heterogeneity of drug efficacy reported in humans and mice (Mogil, 1999; Moore et al., 2009) .
Methods

Animals
All animal care and experimental procedures in this study were carried out in strict accordance with the recommendations in the Australian code of practice for the care and use of animals for scientific purposes (8th Ed., 2013). The protocol for Xenopus laevis studies was approved by the Anatomical Biosciences Animal Ethics Committee at The University offor rat pain behavioural studies was approved by the UQ Molecular Biosciences Animal Ethics Committee (approval number: CIPDD/007/14/NHMRC). At the completion of experiments, rats were sedated using 50% CO 2 : O 2 for~30 s (until loss of muscle tone) then killed using 100% carbon dioxide. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) .
Xenopus laevis oocyte electrophysiology
Two-electrode voltage clamp was carried out using Xenopus oocytes as previously described (Cristofori-Armstrong et al., 2015) . cRNA encoding rat ASIC isoforms (1a, 1b, 2a and 3) was synthesized using an mMessage mMachine cRNA transcription kit and healthy stage V-VI oocytes injected with 4-100 ng cRNA per cell. All experiments were performed at room temperature (19-21°C) in ND96 solution (96 mM NaCl, 1.8 mM CaCl 2 , 2 mM KCl, 2 mM MgCl 2 , 5 mM HEPES, pH 7.45) containing 0.05% fatty acid free-BSA (Sigma Aldrich) to prevent adsorption to plastic ware and tubing. Changes in extracellular pH were induced using a microperfusion system that allowed local, rapid exchange of solutions. HEPES was replaced by 2-(N-morpholino) ethanesulfonic acid (MES) to buffer solutions at pH <6.8. APETx2 was applied in the conditioning pH solution only, whereas diminazene was applied either in the conditioning pH only, the pH stimulus only or both as indicated in the results section. Current traces were normalized in pClamp10 prior to analysis of current rise/decay times (from 10 to 90% of maximum amplitude). Data fitting and statistical analyses were carried out using Prism 7.03 (GraphPad Software, San Diego, CA, USA). The Hill equation was fitted to normalized concentration-response curves to obtain the concentration of half-maximal response (EC 50 or IC 50 ). Given the large size of oocytes and the physical limitations in solution exchange rates (our system uses a 25 μL chamber and 1 mL·min À1 flow rate), the data for ASIC current activation (rise times) is not representative of true activation rates as determined using excised patches (<5 to 20 ms) but is still sufficiently fast to observe channel-dependent differences in global current kinetics (as illustrated in Figure 2 ).
Inflammatory pain model
Adult male Sprague-Dawley (S-D) rats weighing 200 to 225 g were purchased from the Animal Resources Centre (Perth, WA, Australia). Rats were housed in groups of 2-3 in individually ventilated cages in a temperature-controlled room (23 ± 3°C) with a 12/12 h light-dark cycle. Environmental enrichment comprised placement of rodent hutches and rat chew sticks in all home cages. Standard rodent chow and water were available ad libitum. Animals were acclimatized in the animal holding facility for at least 3 days prior to initiation of experimentation, and all animals were handled daily from arrival to ensure minimal confounding stress effects. A single intra-plantar (i.pl.) injection of Freund's complete adjuvant [FCA, 1 mg·mL À1 of heat killed Mycobacterium tuberculosis (Sigma Aldrich, Castle Hill, NSW, Australia)] in a volume of 150 μL was given into the left hindpaw of male S-D rats resulting in development of unilateral FCA-induced inflammatory pain in the ipsilateral (injected) hindpaw that was confirmed by plethysmography and development of mechanical hyperalgesia as assessed using the Randall Selitto method of measuring paw pressure thresholds (PPT) (Stein et al., 1988) . FCA rats with fully developed mechanical hyperalgesia in the ipsilateral hindpaw (PPT values ≤80 g) were administered single i.pl. bolus doses of test or control drugs into this paw only in a volume of 100 μL. Specifically, rats received diminazene (1.9, 5.8, 19.4, 58.2, 194 and 582 nmol) , 0.9% saline (vehicle for diminazene), APETx2 (0.03, 0.1, 1.1, 3.3 and 11 pmol), 0.05% rat serum albumin (RSA; vehicle for APETx2) or morphine [700 nmol (200 μg)]. Each rat received a maximum of three injections commencing on day ≥5 post-i.pl and FCA treatment, with at least a 72 h wash-out period between successive injections. PPTs were determined in the ipsilateral and contralateral hindpaws immediately prior to dosing and at various scheduled times for 3 h post-dosing in individual animals. All paw pressure assessments were performed without knowledge of the treatments given ('blinded').
The areas under the change in PPT versus time curve (ΔPPT AUC) values for the ipsilateral hindpaws of individual FCA rats were determined as a measure of the extent and duration of the antihyperalgesic effect produced by single i.pl. bolus doses of diminazene and APETx2 relative to the positive control, morphine and the negative controls, 0.9% saline (vehicle) and 0.05% RSA (vehicle).
Data and statistical analysis
The data and statistical analysis in this study comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . Data are presented as the mean (±SEM) PPT for each of the ipsilateral and contralateral hindpaws in each treatment group. ΔPPT values were calculated by subtracting pre-dosing PPT values from post-dosing PPT values for each drug and dose (thus accounting for variations in starting PPT), and any negative ΔPPT values were arbitrarily assigned a value of 0. For individual FCA rats, the extent and duration of action was determined by calculating the area under the ΔPPT versus time curve. Kruskal-Wallis ANOVA with Dunn's multiple comparison tests for respective individual comparisons was performed on the ΔPPT AUC values for groups of FCA rats administered single i.pl. bolus doses of each test compound or morphine relative to animals administered single bolus doses of vehicle (saline or 0.05% RSA). We re-analysed the ΔPPT AUC data to determine responders and nonresponders using a threshold of two SDs (2SD) from the mean of the response to vehicle-treated rats in each group. Responses that fell within this range were classified as non-responders, whilst antihyperalgesic effects greater than 2SD higher than the mean response evoked by vehicle (thus outside the 95% confidence interval for the vehicle response) were classified as responders. The ΔPPT data take into account individual and time-dependent variation in the response for each drug and at each dose, thus minimizing confounding factors. PPT is a reflexive measure, and the 2SD threshold has been applied to AUC data which is less prone to aberrant effects than peak reversal of hyperalgesia measures. For cases where n < 5 (as during the distinction of responder and non-responder rats) because these data were collected blinded and the responder/non-responder distinction only became apparent after un-blinding and analysis of all data, we have not applied statistical analysis to data with n < 5, to comply with the recommendations of Curtis et al. (2015) . Prism version 7.03 was used for all data and statistical analysis. The statistical significance criterion was set to P < 0.05.
Materials
Recombinant APETx2 was produced in-house using an Escherichia coli expression system described previously (Anangi et al., 2012) . The identity of this peptide was confirmed using matrix-assisted laser desorption/ionization time-of-flight MS (observed monoisotopic m/z = 4558.8; theoretical monoisotopic m/z = 4558.9; model 4700 Proteomics Bioanalyser, Applied Biosystems, Foster City, CA, USA) and quantitated using reversed-phase (RP) HPLC in comparison to a standard of synthetic APETx2 quantitated via amino acid analysis (Australian Proteome Analysis Facility, Macquarie Park, NSW, Australia). Diminazene aceturate was purchased from Sigma Aldrich (Castle Hill, NSW, Australia) and its purity confirmed using isocratic, analytical RP-HPLC prior to use in experiments (flow rate 0.7 mL·min À1 ; Vydac 218TP54 column; solvent: acetonitrile : methanol : ammonium formate (pH 4.0, 20 mM) (10:10:80 v/v/v); detection at 254 nm with electrospray ionization MS for confirmation of mass). Morphine sulphate ampoules were purchased from Hospira (Melbourne, Victoria, Australia).
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b) .
Results
Diminazene is a potent, non-selective, open-channel inhibitor of ASICs
Electrophysiology was used to determine the mechanism of action and ASIC subtype selectivity of diminazene. Application of diminazene for~50 s (the time between pH stimuli) in the conditioning solution only (pH 7.45) resulted in concentration-dependent inhibition of ASIC1a, 1b and 3 with IC 50 values in the low micromolar range ( Figure 1A , B, D, G). Under these conditions, ASIC2a was resistant to inhibition by diminazene with only~25% inhibition at the highest concentration tested (100 μM; Figure 1C ). In contrast, all ASIC homomers were significantly more potently inhibited when diminazene was applied only during the pH stimulus (5 s for ASIC1a, 1b and 3 and 10 s for ASIC2a) (Figures 1 and 2A ). Application of diminazene in both the conditioning and pH stimulus solutions did not significantly increase the potency of inhibition of any of the ASIC subtypes, compared to application in the low pH stimulus alone ( Figure 1A -D, G). The fact that diminazene has greater ASIC inhibitory activity when applied during the low pH stimulus suggests that it functions via an open channel mechanism possibly by occlusion of the ion-conducting pore. Application of diminazene only in the conditioning solution means that it is predominantly exposed to the resting (closed) state of the channel, whilst co-application with the pH stimulus mostly exposes it to the open channel. To explore the possibility that diminazene acts via open pore block, that is, within the membrane electric field, we assessed its inhibitory activity when applied during a pH 6 stimulus at four different membrane potentials from À90 to 0 mV. Figure 1E shows that the inhibition of all rASIC homomers by diminazene (at both 100 nM and 1 μM) was strongly voltage-dependent. The initial report by Chen et al. (2010) on the ASIC inhibitory activity of diminazene suggested a potency rank order of ASIC1b > 3 > 2a ≥ 1a, based on patch-clamp analysis of ASICs heterologously expressed in CHO cells using a single concentration (3 μM) on all subtypes. Using X. laevis oocytes, full concentration-effect curves on all homomeric rat ASIC channels herein revealed that diminazene inhibits ASIC1b slightly more potently (IC 50 202 nM) than ASIC1a and ASIC3 (IC 50 320 nM) and approximately fourfold more potently than ASIC2a (IC 50 864 nM) ( Figure 1F and see Figure 1G for pIC 50 ± SEM).
Co-application of diminazene (1 and 10 μM) with the pH 6 stimulus appears to result in facilitation of ASIC1a gating kinetics characterized by a significant decrease in current rise time ( Figure 2B , C) and an increased initial rate of current desensitization ( Figure 2B ) possibly resulting in faster overall desensitization, albeit not significant ( Figure 2C ). In contrast, diminazene had no effect on the activation or desensitization kinetics of the other ASIC subtypes studied except a minor increase in the decay time of ASIC3, which may be related to the sustained component of ASIC3 current ( Figure 2C ). The data shown in Figure 1 show that diminazene inhibits all of the ASIC subtypes via an open channel mechanism. However, the data in Figure 2 suggest a potential subtype-dependent mechanism of action. For ASIC1b, ASIC2a and ASIC3, diminazene appears to behave as a simple open-channel, pore blocker as it has no obvious effect on whole-cell current kinetics. In contrast, diminazene may have a unique mixed mechanism of ASIC1a inhibition that involves enhancement of transition to the desensitized state, thus less time in the open state, and a reduced global current. Although this is consistent with the results of Chen et al. who observed a similar effect of diminazene on the kinetics of ASIC currents recorded from cultured hippocampal neurons (predominantly ASIC1a homomers) , this possibility requires further investigation using channel mutants and the rapid solution exchange afforded by macropatch electrophysiology.
Thus, diminazene is a non-selective but moderately potent low MW inhibitor of ASICs. Given the potency of diminazene at inhibiting ASIC1b and ASIC3, both highly expressed in peripheral sensory neurons and implicated in peripheral nociception, we next assessed the potential analgesic activity of diminazene in a widely used rat model of chronic inflammatory pain. Figure 1
Diminazene inhibits ASICs via open channel block. (A-D) Concentration-effect curves comparing the inhibitory effect of diminazene on rat (r) ASIC channels expressed in Xenopus laevis oocytes when applied during conditioning alone (cond.), during the low pH stimulus alone (stim.) and during both conditioning and pH stimulus (cond. & stim.) (all n = 5 except ASIC3 cond. & stim. n = 8). (E) Voltage dependence of the inhibitory effect of diminazene (100 nM and 1 μM) applied during the pH 6 stimulus to rASIC1a (À90, À60 and À30 mV, n = 9; 0 mV, n = 8), rASIC1b (À90 and À30 mV, n = 6; À60 and 0 mV, n = 7), rASIC2a (n = 6) and rASIC3 (n = 7). (F) Concentration-effect curves for diminazene applied during both conditioning time and pH stimulus showing the subtype selectivity at ASIC1a (n = 5), 1b (n = 5), 2a (n = 5) and 3 (n = 8 Inter-animal variability in the antihyperalgesic activity of diminazene and APETx2 in inflammatory pain: responders and non-responders
Because ASICs are strongly linked to nociception in inflammatory conditions, we used a rat FCA model of unilateral inflammatory pain in the hindpaw to assess the in vivo antihyperalgesic efficacy of diminazene. As APETx2 has been used extensively to study the role of ASIC3 in inflammatory pain, we used this peptide and morphine for comparison. We allowed 5 days for chronic inflammatory pain to fully develop at which time the ipsilateral hindpaw showed mechanical hyperalgesia with baseline PPTs of~50 g ( Figures 3A and 4A ). As expected, there was no hyperalgesia in the contralateral hindpaws, which had baseline PPTs of 140 g for the diminazene group and~130 g for the APETx2 group ( Figures 3B and 4B) . Thus, the degree of hyperalgesia was represented by a decrease in the ipsilateral PPTs of~90 and~80 g respectively.
The antihyperalgesic efficacy of diminazene relative to morphine and vehicle is shown in Figure 3 , and that of APETx2 compared with morphine and vehicle is shown in Figure 4 . The i.pl. injection of single bolus doses of diminazene and APETx2 resulted in modest antihyperalgesic effects (diminazene <30% and APETx2~35% reversal of hyperalgesia, Figures 3C and 4C ) in the ipsilateral hindpaws, but there was considerable inter-animal variability. Furthermore, the antihyperalgesic effects were not obviously dosedependent ( Figures 3C, E and 4C, E) . Closer inspection of the data revealed that the variability may be due to the presence of responder rats and those that are non-responders to the drugs tested. much like the inter-individual variability observed in human populations and between strains of mice for sensitivity to pain and responses to non-opioid analgesics (Moore et al., 2009; Woolf, 2010) . We therefore re-assessed the ΔPPT AUC data after using a threshold of 2SD from the mean of the response to vehicle-treated rats in each group. Responses that fell within this range were classified as nonresponders, whilst antihyperalgesic effects greater than 2SD higher than the mean response evoked by vehicle were classified as responders (Figures 5 and 6 ). On average, approximately 60-80% of rats were responders to morphine, whereas response rates to the two ASIC inhibitors were lower at 40 and 50% for diminazene and APETx2 respectively (see Tables 1 and 2) .
In responder rats, diminazene was potently and consistently antihyperalgesic for doses from 5.8 to 582 nmol per rat, resulting in a similar extent and duration of antihyperalgesia as morphine (700 nmol per rat) ( Figure 5C , E). Neither morphine nor diminazene injected into the ipsilateral paw resulted in an analgesic effect in the contralateral paw ( Figure 3B, D, F) . Thus, diminazene appeared to be of similar efficacy but considerably more potent (~30-fold) than morphine as an antihyperalgesic agent in the FCA rat model of inflammatory pain [the EC 50 of i.pl. morphine in rats was~175 nmol (50 μg) (Perrot et al., 1999; Rodrigues and Duarte, 2000) ]. APETx2 also showed very potent and dose-dependent antihyperalgesic activity in the inflamed hindpaw of responder ) scaled (i.e. normalized to peak current amplitude) to illustrate the significant effect of diminazene (1 and 10 μM) on the activation and desensitization kinetics of ASIC1a but not ASIC1b. Note the traces in the presence of 10 μM diminazene are stepped due to scaling up very small currents. (C) Quantitation of the effect of diminazene on the activation and desensitization of ASIC homomeric channels presented as rise and decay times (10-90%). ASIC1a, 1b and 3 n = 5; ASIC2a n = 7, * P < 0.05, significantly different from control: paired t-test.
rats; the 0.1 and 1.1 pmol i.pl. doses reached significance (compared to vehicle) and similar efficacy to morphine (700 nmol per rat) (i.e.~50% reversal of the hyperalgesic decrease in PPT; Figure 6C ). In contrast to the consistent antihyperalgesic effects observed for diminazene (once the response had plateaued), the antihyperalgesic efficacy of APETx2 was not statistically significant at 3.3 and 11 pmol ( Figure 6E ). Consistent with previous studies, our data show that APETx2 has potent antihyperalgesic effects in inflammatory pain in rats; however, by using a broad dose range (>2 log units), we revealed a complex antihyperalgesic profile for this peptide. In order to examine this aspect further, we carried out more experiments on the ASIC subtype selectivity of APETx2.
The ASIC3 inhibitor APETx2 also modulates the activity of ASIC1b and ASIC2a
Although widely used as an ASIC3 selective inhibitor, we and others have found that APETx2 inhibits several other ion channel families including voltage-gated sodium channels (Blanchard et al., 2012; Peigneur et al., 2012) and hERG (Jensen et al., 2014) , over a concentration range (i.e. low micromolar) that encompasses concentrations used to inhibit ASIC3 in several in vivo pain studies (Deval et al., 2008; Deval et al., 2011) . Based on the complex analgesic effects of APETx2 that we observed in FCA-induced inflammatory hyperalgesia here, and the potential involvement of ASIC1b in peripheral pain in rodents (Diochot et al., 2012) , we reassessed the selectivity of APETx2 against all homomeric ASICs expressed in Xenopus oocytes. When applied at pH 7.45 in the low micromolar range (1-10 μM), APETx2 robustly potentiated the activity of both homomeric ASIC1b and ASIC2a ( Figure 7A-C) but not homomeric ASIC1a (Figure 7A, C) . Analysis of the activation and desensitization kinetics of ASIC1b and ASIC2a in the absence and presence of APETx2 (10 μM) shows that it caused a significant increase in the current decay time (or desensitization) of rASIC1b with no apparent effect on the rise time (i.e. activation) Figure 3 Diminazene (DA) has highly variable antihyperalgesic activity in the FCA rat model of unilateral inflammatory pain. Mean (±SEM) paw pressure thresholds (PPT values), mean (±SEM) change in paw pressure thresholds (ΔPPTs) and mean (±SEM) change in ΔPPT area under the curve values (ΔPPT AUCs) for the ipsilateral (A, C, E) and contralateral (B, D, F) hindpaws of FCA rats following administration of single 100 μL intra-plantar bolus doses of saline (vehicle control) (n = 15), morphine (Mor) at 700 nmol (n = 27), diminazene at 1.9 nmol (n = 15), 5.8 nmol (n = 13), 19.4-nmol (n = 16), 58.2 nmol (n = 17), 194 nmol (n = 16) and 582 nmol (n = 14). PPTs were measured at time 0 (pre-dosing) and at 30, 45, 60, 75, 90, 120 and 180 min post-dosing. The dotted line in (A) indicates the PPT from the contralateral hindpaw. *P < 0.05, significantly different from vehicle; one-way ANOVA.
of the whole-cell current ( Figure 7B, D) . Conversely, the potentiating effect of APETx2 on rASIC2a seems to be accompanied by a significant decrease in the current rise time, with no effect on the decay time ( Figure 7B, D) . Regardless of the component of the whole-cell ASIC1b or ASIC2a current affected by APETx2, the end result appears to be stabilization of the open state, thus allowing for increased ion flux and the observed current potentiation. The difference in the effects of APETx2 on decay time and rise time for ASIC1b and ASIC2a may be due to differences in its on-and off-rate for the respective open states of each channel, with a faster on-rate for ASIC2a, and slower off-rate for ASIC1b. Effects of APETx2 on the pH dependence of activation and desensitization of these channels cannot be excluded and may also contribute to their potentiation by this peptide.
Discussion
The present study revealed several new aspects of in vitro and in vivo ASIC pharmacology. We showed that diminazene inhibits ASICs in a non-selective manner via an openchannel mechanism, which has now been confirmed independently , and reduces mechanical hyperalgesia in a rat model of chronic inflammatory pain. We also showed that the antihyperalgesic activity of the ASIC3 inhibitory peptide APETx2 is very potent yet only partly efficacious at the doses tested. We report, for the first time, that APETx2 potentiates other ASIC homomers including ASIC1b, which is implicated in peripheral nociception in rodents. Together, our findings and previous studies by others suggest that potentiation of ASIC1b by APETx2 may counteract the antihyperalgesic effects produced by ASIC3 inhibition, resulting in the complex dose-response relationship we observed in vivo. Finally, by using outbred rats, we found that the effects of local ASIC inhibition resulted in incomplete relief of mechanical hyperalgesia and substantial between-animal variability in antihyperalgesic responses.
Diminazene aceturate (trade name Berenil) has been used as a veterinary anti-protozoal drug for decades (Riou and Figure 4 APETx2 has potent but highly variable antihyperalgesic activity in the FCA rat model of unilateral inflammatory pain. Mean (±SEM) paw pressure thresholds (PPT values), mean (±SEM) change in paw pressure thresholds (ΔPPTs) and mean (±SEM) change in PPT area under the curve (ΔPPT AUCs) for the ipsilateral (A, C, E) and contralateral (B, D, F) hindpaws of FCA rats following administration of single 100 μL intra-plantar bolus doses of 0.05% RSA (vehicle control) (n = 10), morphine (Mor) at 700 nmol (n = 16), APETx2 at 0.03 pmol (n = 10), 0.1 pmol (n = 15), 1.1 pmol (n = 15), 3.3 pmol (n = 15) and 11 pmol (n = 16). PPTs were measured at time 0 (pre-dosing) and at 30, 45, 60, 75, 90, 120 and 180 min postdosing. The dotted line in (A) indicates the PPT from the contralateral hindpaw. *P < 0.05, significantly different from vehicle; one-way ANOVA.
Benard, 1980). In 2010, diminazene was found to potently inhibit ASICs, but its selectivity and mechanism of inhibition were not fully characterized . We show that diminazene inhibits ASICs via open pore block, which is inconsistent with the proposal of Chen et al. (2010) that it binds to a hydrophobic groove on the outer surface of the channel, next to the acidic pocket some 30 Å above the level of the membrane, a suggestion that has so far not been experimentally validated. Confirming a pore block mechanism, the effect of diminazene is voltage dependent in a manner similar to the well-characterized ASIC pore blocker amiloride (Dorofeeva et al., 2008) and consistent with its inhibitory effect on the related BLINaC channel (Wiemuth and Gründer, 2011) . Our data (Fig. 2) also suggests a potential subtypedependent mechanism of action. For ASIC1b, ASIC2a and ASIC3, diminazene appears to behave as a simple openchannel, pore blocker as it has no obvious effect on wholecell current kinetics. In contrast, diminazene may have a unique mixed mechanism of ASIC1a inhibition that involves enhancement of transition to the desensitized state, thus less time in the open state, and a reduced global current. Although this is consistent with the results of Chen et al. who observed a similar effect of diminazene on the kinetics of ASIC currents recorded from cultured hippocampal neurons (predominantly ASIC1a homomers) , this possibility requires further investigation using channel mutants and the rapid solution exchange afforded by macropatch electrophysiology.
Unfortunately, like many low MW drugs, diminazene has several other pharmacological actions including enhancement of the activity of ACE 2 (EC 50~8 μM) (Kulemina and Ostrov, 2011) and in vitro and in vivo antiinflammatory effects in mice (pretreatment with 35 μM being effective in vitro) (Kuriakose et al., 2014) . Nevertheless, the polypharmacology of diminazene (as currently known) appears to be substantially less complex than that of other Figure 5 Diminazene (DA) has potent but heterogeneous antihyperalgesic activity in the FCA rat model of unilateral inflammatory pain. Rats were classified as responders/high responders (A, C, E) or non-responders/low responders (B, D, F) based on examination of ΔPPT AUC values for the individual ipsilateral hindpaws. ΔPPT AUC values of responders given morphine (Mor) at 700 nmol (n = 17) or diminazene at 5.8 nmol (n = 8), 19.4 nmol (n = 6), 58.2 nmol (n = 4), 194 nmol (n = 7) and 582 nmol (n = 6) were significantly higher than the corresponding ΔPPT AUC values evoked by vehicle (n = 15) (*P < 0.05 one-way ANOVA). Diminazene at 1.9 nmol (n = 5) was not significantly different from vehicle. There was no significant difference between ΔPPT AUC values of non-responders/low responders given morphine (n = 10) or diminazene at 1.9 nmol (n = 10), 5.8-nmol (n = 5), 19.4 nmol (n = 10), 58.2 nmol (n = 13), 194 nmol (n = 9) and 582 nmol (n = 8) when compared to the ΔPPT AUC of vehicle. The dotted line in (A) indicates the PPT from the contralateral hindpaw.
Figure 6
APETx2 has potent partial and heterogeneous antihyperalgesic activity in the FCA rat model of unilateral inflammatory pain. Rats were classified as responders/high responders (A, C, E) or non-responders/low responders (B, D, F) based on examination of ΔPPT AUC values for the individual ipsilateral hindpaws. The ΔPPT AUC values of responders given morphine (Mor) at 700 nmol (n = 13) or APETx2 at 0.1 pmol (n = 6) and 1.1 pmol (n = 9) were significantly higher than the corresponding ΔPPT AUC values evoked by vehicle (n = 10). *P < 0.05, one-way ANOVA. APETx2 at 0.03-pmol (n = 6), 3.3 pmol (n = 8) and at 11 pmol (n = 6) were not significantly different from vehicle. The dotted line in (A) indicates the PPT from the contralateral hindpaw. agents used widely to study the biology of ASICs, such as amiloride and A-317567. Furthermore, our data confirm that diminazene is more potent than other non-selective ASIC inhibitors (Rash, 2017) and is~25-fold more potent at inhibiting ASICs 1 and 3 than potentiating ACE2, its next most potent activity. Thus, diminazene is a useful tool to study both biophysical and biological aspects of ASIC function. To this end, we demonstrated that diminazene has potent antihyperalgesic activity of comparable efficacy to similarly administered morphine. We hypothesize that this activity is related to its ability to inhibit ASICs in peripheral sensory afferents.
Although originally characterized as a potent and selective inhibitor of ASIC3 and ASIC3-containing heteromeric channels, APETx2 was subsequently shown to inhibit the sensory neuron specific channel Na V 1.8 and hERG in the low micromolar range (1-10 μM) (Blanchard et al., 2012; Jensen et al., 2014) ; Peigneur et al. (2012) suggest that APETx2 can even inhibit, at submicromolar concentrations, the Na V 1.8 channels involved in inflammatory pain (Akopian et al., 1999; Payne et al., 2015) . Thus, the activity of APETx2 on this channel has implications for the interpretation of inflammatory pain studies where it is used in high doses. In this study, we also showed that APETx2 is less selective within the ASIC family than previously reported, modulating both ASIC1b and ASIC2a homomers. Interestingly, as originally reported, 'APETx2 (3 μM) blocked neither the rapid nor the slow component of the ASIC2a + 3 current (not shown)', (Diochot et al., 2004) . However, this does not exclude the possibility of minor potentiation of these heteromers by APETx2 at higher concentrations. Of particular relevance to pain studies, APETx2 robustly potentiated the activity of rASIC1b at concentrations 30-fold to 100-fold higher than it inhibits rASIC3 homomers, under the conditions used in vitro. This newly described activity has important implications for interpreting the results from pain studies in rodents. Genetic knockout approaches to studying the role of ASICs in pain have so far not yielded very clear cut results. Staniland and McMahon (2009) noted the normal development of inflammatory pain (FCA-induced) in mice lacking either ASIC1, ASIC2 or ASIC3, whereas Yen et al. (2009) did find a role for ASIC3 in the maintenance of sub-acute phase inflammatory pain. Differences in these studies may be attributed to different methods of assessing pain, and/or the different KO mice used, which may have uniquely altered expression profiles of other nociceptive ion channels. Using a pharmacological approach, peripheral ASIC3 was first shown to be involved in inflammatory pain by Deval et al. (2008) . Local administration of APETx2 or in vivo knockdown of ASIC3 (via intrathecal injection of siRNA) reduced thermal hyperalgesia induced in an FCA rat model of inflammatory pain (Deval et al., 2008) . A second and independent study (Karczewski et al., 2010) demonstrated that APETx2 also had a peripheral antihyperalgesic effect in the FCA rat model. Despite all using an FCA rodent model of inflammatory pain, there were two main differences in the efficacy profile of APETx2 in our study when compared to these previous studies. Firstly, in contrast to the near complete alleviation of thermal and mechanical hyperalgesia by APETx2 reported by Deval et al., (2008) and Karczewski et al., (2010) , respectively, we observed only partial reversal of hyperalgesia (~50%). Secondly, these anti-hyperalgesic effects of APETx2 were observed at lower doses. These differences are likely to be due to differences in the study designs. Deval et al. used a single, high dose of APETx2 co-administered with FCA and assessed thermal hyperalgesia 4 h later. In light of recent work showing that the immediate pain from bacterial infection (i.e. <12 h) is mediated primarily by nociceptor activation rather than an immune cell-based inflammatory response (Chiu et al., 2013) , the model used by Deval et al. may be more representative of acute pain than inflammatory pain. In contrast, Karczewski et al. tested three doses of APETx2 at 24 h post-FCA induction (the two lower doses overlapping with those used in our study). In the present study, APETx2 was administered 5 days post-FCA induction in a chronic phase of inflammation where mechanical hyperalgesia is fully developed (see Table 3 for study protocols). The greater antihyperalgesic efficacy observed for APETx2 in the previous studies was observed for high doses (10-fold and 36-fold higher than our highest dose) where APETx2 loses selectivity for ASIC3 and may synergistically engage another analgesic target, the Na V 1.8 channels.
The other new observation in our study was the lack of a stable plateau in the dose-dependent antihyperalgesia evoked by APETx2. Unlike the consistent level of relief observed for diminazene once a plateau effect was reached, APETx2 was not significantly analgesic at 3.3 and 11 pmol, although 11 pmol had a similar level of reversal of hyperalgesia, 30%, to that observed by Karczewski et al. (2010) for the same dose. Interestingly, the 1.1 pmol dose had the greatest effect in our study, but no effect in the Karczewski study that employed a 24 h post-FCA model that probably represents a developing inflammatory state such that immune cellmediated inflammation is only just beginning (Chiu et al., 2013) . The 5 day model used in our study allows time for more profound sensitization of the nociceptive pathway to take place. Indeed, ASIC1a, 1b, 2b and 3 mRNA levels are highly up-regulated (6-fold to 15-fold) in nociceptive neurons at 2 days post-FCA-induced inflammation in rats (Voilley et al., 2001) . Thus, the ASIC expression levels are likely to be substantially different between the three time points assessed across these studies. This is consistent with the hypothesis that sensory neuron plasticity underlies the transition from acute to chronic pain states over several days (Reichling and Levine, 2009 ), a process shown to involve ASIC3, at least in a mouse model of fibromyalgia (Chen et al., 2014) . Furthermore, the pH sensitivity and desensitization profiles of ASICs are modified by many different inflammatory mediators to enhance their function in inflammatory conditions. For example, lactate, 5-HT, arachidonic acid, lysophosphatidylcholine, NO, prokineticin2 and ATP all potentiate the function of ASICs either directly (via decreasing desensitization or increasing activation) or indirectly (via phosphorylation) (Baron and Lingueglia, 2015; Marra et al., 2016) . We suggest that the contribution of ASIC1 and ASIC3 to FCA-induced hyperalgesia is likely to be more pronounced Table 3 Summary of studies using APETx2 in FCA-induced inflammatory pain models at day 5 post-FCA, compared to the non-inflamed (co-injection with FCA) or early inflammation (24 h) conditions and thus may account for the substantial antihyperalgesic efficacy we observed at low doses of APETx2. It must be noted that nociception is highly complex ->350 genes are involved (Mogil, 2012) -and ASICs are not likely to be the sole mediators of inflammatory pain, consistent with our observation of partial reversal of hyperalgesia at the doses used. Finally, the present study revealed substantial interindividual heterogeneity in the antihyperalgesic efficacy of ASIC inhibition. Inter-subject variability in responsiveness to analgesic drugs is well documented in the clinical setting but is seldom taken into account in preclinical animal studies. There are many factors underlying the spectrum of sensitivity to analgesics, including genetics, sex, age and health status (Muralidharan and Smith, 2011; Smith and Muralidharan, 2012) . All of these factors are equally applicable to preclinical pain studies in animals (Avsaroglu et al., 2007; Ji et al., 2007) , with the addition of differing laboratory conditions and animal handling practices, which can contribute different levels of stress (Mogil, 2012; Mogil, 2017) . Stress, for instance from handling or simple environment changes such as being placed in a different room, can induce substantial analgesic responses and is a confounding factor in pain studies that can result in wide variation in responses (Mogil et al., 2011; Mogil, 2017) . In order to minimize such potential sources of variation, our protocol ensured that animals were handled daily during the acclimation period to minimize stress effects and that assays were carried out blinded to minimize unconscious bias during behavioural assessment. Thus, the wide variability in our behavioural results is consistent with the use of outbred rats, with a non-homogeneous genetic background, and our data resemble the often marked interindividual variability in pain severity ratings and the doses of clinically available analgesic drugs needed for pain relief in patients with apparently similar pain states.
In conclusion, our experiments have revealed a new antihyperalgesic function for diminazene and further characterized the antihyperalgesic efficacy of APETx2 in a widely used rat model of chronic inflammatory pain. Using electrophysiological methods, we found that APETx2 not only inhibited ASIC3 but also potentiated agonist action at ASIC1b, at higher concentrations. This finding may be related to our observed lack of significant analgesic efficacy of APETx2 at higher doses and needs to be taken into account when selecting doses of APETx2 for administration in in vivo pain models. Indeed, the relevance of our observation that APETx2 enhances ASIC1b currents to its in vivo analgesic activity needs to be verified in further studies using APETx2 with modified ASIC1b/ASIC3 selectivity and assessment in ASIC3 and/or ASIC1b knockout mice. Finally, we highlight the need to take into account the wide variation in antihyperalgesic responses as a complicating factor in animal pain studies, akin to the widely differing human responsiveness to analgesics seen in the clinic. This feature emphasizes the need for open and thorough reporting of animal pain data (Muralidharan and Smith, 2011; Smith and Muralidharan, 2012) . Efforts to recognize and understand the underlying causes of this source of variation in preclinical settings should help to improve translation of basic pain research from the laboratory to clinical practice.
